Hypopituitary patients have increased mortality from vascular disease, and in these patients, early markers of atherosclerosis [increased carotid artery intima-media thickness (IMT) and reduced distensibility] are more prevalent. As GH replacement can reverse some risk factors of atherosclerosis, the present study examined the effect of GH treatment on morphological and functional changes in the carotid and brachial arteries of GH-deficient (GHD) adults. Eleven GHD hypopituitary men (24 -49 yr old) were treated with recombinant human GH (0.018 U/kg BW⅐day) for 18 months. IMT of the common carotid artery (CCA) and the carotid bifurcation (CB), and flow-mediated endothelium-dependent dilation (EDD) of the brachial artery were measured by B mode ultrasound before and at 3, 6, 12, and 18 months of treatment, and values were compared with those in 12 age-matched control men. Serum concentrations of lipids, lipoprotein(a), insulin-like growth factor I (IGF-I), and IGF-binding protein-3 (IGFBP-3) were also measured. In GHD men before treatment the . The IMT of the carotid artery (CCA and CB) was negatively correlated with serum IGF-I (r ϭ Ϫ0.53; P Ͻ 0.0001). There was a significant improvement in flow-mediated EDD of the brachial artery at 3 months, which was sustained at 6 and 18 months of GH treatment (P Ͻ 0.05). GH treatment increased high density lipoprotein cholesterol at 3 and 6 months, but did not reduce total or low density lipoprotein cholesterol and was without effect on lipoprotein(a). There was no correlation between plasma lipids and changes in IMT or EDD of the arteries examined. In conclusion, GH treatment of hypopituitary GHD men reverses early morphological and functional atherosclerotic changes in major arteries and, if maintained, may reduce vascular morbidity and mortality. GH seems to act via IGF-I, which is known to have important effects on endothelial cell function. (J Clin Endocrinol Metab 84: [453][454][455][456][457] 1999) T HERE is considerable interest in the long term outcome of patients with hypopituitarism with respect to life expectancy. From the four retrospective studies performed to date, there appears to be a consistent trend for a 1.5-to 2-fold increase in the ratio of observed/expected mortality from all causes (1-4). Moreover, two studies (1, 3) suggest a 1.5-to 2-fold increase in vascular mortality, predominantly due to cerebrovascular disease. Bü low et al. showed a 3.4-fold increase in cerebrovascular deaths and a 6.7-fold increase in patients younger than 55 yr at diagnosis (3).
T HERE is considerable interest in the long term outcome of patients with hypopituitarism with respect to life expectancy. From the four retrospective studies performed to date, there appears to be a consistent trend for a 1.5-to 2-fold increase in the ratio of observed/expected mortality from all causes (1) (2) (3) (4) . Moreover, two studies (1, 3) suggest a 1.5-to 2-fold increase in vascular mortality, predominantly due to cerebrovascular disease. Bü low et al. showed a 3.4-fold increase in cerebrovascular deaths and a 6.7-fold increase in patients younger than 55 yr at diagnosis (3) .
Several risk factors for atherosclerosis are more prevalent in hypopituitary adults, including dyslipidemia (reviewed in Ref. 5 ), decreased plasma fibrinolytic activity, increased prevalence of hypertension in some (6) but not all (7) studies, increased waist/hip ratio and decreased lean body mass (8) , increased peripheral insulin resistance (9) , and increased frequency of impaired glucose tolerance (10, 11) . These changes may be ameliorated by GH treatment (5, 8, 12) . Therefore, it has been assumed that GH deficiency is responsible for early atherogenesis in hypopituitarism, rather than suboptimal nonphysiological replacement with hydrocortisone, T 4 , or sex steroids.
Hypopituitary GH-deficient (GHD) adults have been shown to have an increased number of atheromatous plaques in carotid and femoral arteries (11) . Increased intima-media thickness (IMT) of carotid arteries has also been shown in these patients (11, 13) , even in the absence of classic risk factors for atherosclerosis (13) . Intima media thickening represents the earliest morphological change in the arterial wall in the process of atherogenesis (14, 15) , and is an independent predictor of acute myocardial infarction in men (16) . Increased stiffness of the carotid artery wall (17) and impaired flow-mediated, endothelium-dependent brachial artery dilation (18) suggest functional changes in the arteries of GHD adults.
The aim of this study was to investigate the influence of GH treatment on morphological (IMT) and functional changes [flow-mediated endothelium-dependent dilation (EDD)] in peripheral arteries of hypopituitary GHD patients.
Subjects and Methods

Subjects and GH treatment protocol
Eleven hypopituitary men, aged 24 -49 (mean, 34) yr, with GH deficiency (GH Ͻ2 g/L with insulin-induced hypoglycemia) participated in this open study. Twelve age-matched (age range 23-47 yr; mean, 31.6 yr) men without evidence of pituitary or vascular disease served as controls. The cause of GH deficiency was a pituitary tumor or a con-sequence of its treatment in nine patients, 1 had pituitary agenesis, and the other had idiopathic panhypopituitarism. Four of 11 had childhoodonset disease, of whom 2 had received GH, which had been stopped for 15 and 9 yr before the present study. All patients had multiple pituitary hormone deficiencies, and all were receiving optimal substitution therapy, including gonadal hormones as appropriate. The duration of GH deficiency was estimated from the history and ranged from 2-25 yr (mean, 11.6 yr). All patients were normotensive and had normal fasting plasma glucose, and two smoked more than 10 cigarettes/day. The GH (Humatrope, Eli Lilly & Co., Indianapolis, IN) treatment protocol was as follows: 0.009 U/kg BW administered once daily sc for 1 month, then increased to 0.018 U/kg BW for the remainder of the study (17 months). Informed written consent was obtained, and the study was approved by the local ethical committee.
Ultrasonographic assessment of IMT
Carotid ultrasound examination was performed using a high resolution B-mode Diasonics UST ultrasound system (Diasonics Ultrasound, Inc., Mipitas, CA) with a 5-MHz linear array transducer. Carotid arteries of all subjects were visualized by B-mode ultrasound, and the arterial wall was observed in longitudinal section. On the basis of different tissue densities in the B-scan, the layers of the arterial wall were represented as parallel echogenic lines separated by a relatively hypoechoic space (the double line pattern). The distance from the leading edge of the first echogenic line (lumen-intima interface) to the leading edge of the second echogenic line (media-adventitia interface) was considered to be the combined thickness of the intima and media layers.
The B-mode investigation protocol involved scanning the right and the left common carotid arteries (CCA) 1 cm below the bifurcation and the carotid bifurcations (CB). Two angles of interrogation were used: anterolateral, and posterolateral. The image was focused on the posterior (far) wall. The mean IMT was calculated for each subject as the average of three measurements on each segment. The other accessible parts of the carotid arteries were also visualized, and atherosclerotic lesions (plaques) were sought. All measurements were carried out by the same examiner. The intraoperator coefficient of variation of repeated measurements was 5.8%.
Determination of endothelium-dependent dilation of the brachial artery
Flow-mediated EDD was studied noninvasively in the right brachial artery as previously described (19) . The subjects rested in the supine position for 10 min before hemodynamic measurements were performed. The brachial artery was scanned in longitudinal section 2-15 cm above the elbow. From B-mode ultrasound images the mean diameter was calculated. Measurements were taken at the end of the diastole incident with the R wave on the continuously recorded electrocardiogram. At least three cardiac cycles were analyzed for each scan, and measurements were averaged. The flow velocity was measured at the fixed incident angle of 68°to the vessel with the range gate 1.5 mm in the center of the artery. The baseline (resting) blood flow was estimated by multiplying the velocity time integral of the Doppler flow signal (corrected for incident angle) and the vessel cross-sectional area. Hyperemic flow increase was induced by inflation of a blood pressure tourniquet, placed around the forearm, to a suprasystolic pressure for 4 min, causing ischemia and vasodilation in the distal forearm. Hyperemic flow was recorded for the first 10 s, and flow-mediated dilation of brachial artery (diameter) was measured 45-60 s after cuff release. The relative flow increase during reactive hyperemia was calculated as the maximum flow recorded during the first 15 s after cuff release divided by the flow during rest. The flow-mediated diameter increase in the brachial artery (EDD) was calculated as the percent change relative to the baseline measurement. The intraoperator coefficient of variation of these measurements was 8.3%.
Biochemical measurements
After an overnight fast, blood was obtained for measurement of triglycerides, total cholesterol, low density lipoprotein (LDL) cholesterol, high density lipoprotein (HDL) cholesterol, lipoprotein(a), insulinlike growth factor I (IGF-I), and IGF-binding protein-3 (IGFBP-3) before treatment and at 3, 6, 12, and 18 months of treatment. Total serum cholesterol, triglycerides, and high density lipoprotein (HDL) cholesterol were measured by commercially available kits (Abbott Laboratories, North Chicago, IL; interassay coefficient of variation, Ͻ4%). Serum LDL cholesterol was calculated as previously described (20) . Serum lipoprotein(a) was measured by a commercial enzyme-linked immunosorbent assay [TintElizaLp(a), Biopool, Umea, Sweden), serum IGF-I was determined by an immunoradiometric assay (Diagnostic Systems Laboratories, Inc., Webster, TX) with inter-and intraassay coefficients of variation of 3.9 -7% and 3.8 -7.4%, respectively, and serum IGFBP-3 was determined by a commercial RIA (Diagnostic Systems Laboratories, Inc.) with inter-and intraassay coefficients of variation of 4.2-8.3% and 5.3-6.7%, respectively.
Statistical analysis
Data are expressed as the mean (sd) after each variable was tested for goodness of fit to a normal distribution. EDD and blood flow data were log transformed before statistical analysis. Comparisons between GHD and control subjects were performed by two-tailed unpaired Student's t test. Comparisons of treatment effects over time were assessed by one-way ANOVA followed by Tukey's test (IMT) or paired Student's t test (biochemical, EDD, and blood flow data). Pearson's correlation analysis and multiple regression analysis were applied to assess the relation of different variables to IMT and EDD.
Results
All patients tolerated GH treatment well, and none had to withdraw because of side-effects. There was no difference in blood pressure between patients and controls, and this did not change with GH treatment.
Carotid artery morphology
The results of IMT measurements are shown in Table 1 . Before treatment, GHD men had a 20 -30% thicker intimamedia of the CCA and the CB than age-matched controls. GH treatment induced a decrease in the IMT of the CCA by 3 months, and an additional decrease was seen at 6 months. The values at 6, 12, and 18 months were no longer different from the control values (Fig. 1) . A similar reduction in the IMT was seen in the first 6 months at the CB, which was no longer different from the control value by 3 months of treatment (Table 1) . No atherosclerotic plaques were observed in the investigated arterial segments in any of the control subjects or GHD men. Univariate regression analysis revealed a significant negative correlation between IMT of the CCA and IGF-I (Fig. 2) and between IMT and IGFBP-3 (r ϭ Ϫ0.51; P Ͻ 0.0001 and r ϭ Ϫ0.38; P Ͻ 0.01, respectively). Almost identical and highly significant negative correlations were observed between IMT of the CB and IGF-I and IGFBP-3 (not shown). However, when the multiple regression analysis model was applied, only IGF-I was significantly correlated with IMT (CCA and CB; r ϭ Ϫ0.53; P Ͻ 0.0001). There were no significant correlations between IMT and plasma lipid values.
EDD of and blood flow in the brachial artery
Before treatment, the flow-mediated endothelium-dependent increase in the diameter of the brachial artery during hyperemia was lower in GHD men than in controls, but the difference was not statistically significant. After 3, 6, and 18 months of GH treatment, EDD significantly improved compared to pretreatment values (P Ͻ 0.05; Table 2 ). The blood flow increase in the brachial artery after hyperemia was significantly lower in patients before treatment compared to controls (P Ͻ 0.05) and reached the control values after 6 months of GH treatment ( Table 2 ). The 12 month values of EDD and blood flow are inexplicably low and do not fit into the general trend of improvement with GH treatment. There was no correlation between IGF-I or IGFBP-3 or lipid levels and either EDD or blood flow.
Plasma lipids and IGF-I
Lipid and IGF responses to GH treatment are shown in Tables 3 and 4 . Before treatment, GHD men had significantly higher triglyceride and lower HDL cholesterol concentrations and HDL/LDL ratio compared to controls (Table 3) . Total and LDL cholesterol levels were not significantly different. Triglycerides remained significantly greater, and the HDL/LDL ratio remained significantly lower in GHD adults throughout the 18-month treatment period. Total cholesterol was significantly greater than control values at 3, 6, and 18 months of treatment. Compared to pretreatment values, there were no significant changes over the 18-month period in total cholesterol, LDL cholesterol, triglyceride, or lipoprotein(a) concentrations. However, HDL cholesterol increased significantly (P Ͻ 0.01) after 3 and 6 months.
IGF-I and IGFBP-3 increased significantly (P Ͻ 0.01) by 3 months of treatment, and these increases were maintained throughout treatment (Table 4) .
Discussion
Increased IMT of carotid and femoral arteries represents an early change in the process of atherogenesis (14, 15) and predicts the development of atherosclerotic vascular disease (16, 21, 22) . Patients with hypopituitarism have an increased risk of death from cerebrovascular disease compared with an age-matched cohort from the same population (3). Hence, the detection of preclinical structural abnormalities of carotid arteries, which represent an early stage of atherosclerosis (11, 13) , and any intervention that could reverse these abnormalities, may have the potential to reduce long term (cerebro)-vascular disease incidence.
The data from the present study are the first to demonstrate that GH treatment is capable of reversing the increased IMT of the carotid arteries in GHD hypopituitary adults within a relatively short period. Indeed, the values of IMT after 6 months of treatment were no longer different from those in healthy control men of the same age. Moreover, this beneficial effect is maintained for at least 18 months at both carotid artery sites examined. There was also a beneficial effect of GH treatment on flow-mediated EDD of the brachial artery, although this was more variable due to large interand intrasubject variability. Nevertheless, there was a significant increase in this functional response of the brachial artery after 3, 6, and 18 months of treatment. This is consistent with the preliminary results of Evans et al. (18) . Furthermore, Markussis et al. (17) showed reduced distensibility of carotid arteries in asymptomatic GHD adults, although this trial did not examine the effect of GH treatment. In addition, in our study the decreased response of brachial artery blood flow to hyperemia in GHD compared to control men was also reversed after 18 months of treatment. Taken together, these results indicate that in GHD adults the vasodilatory function of the endothelium is impaired and improves with GH treatment. The mechanism(s) by which GH mediates morphological and functional changes in major arteries is not fully understood. Intima media thickening occurs in young adults with childhood-onset GH deficiency in the absence of major risk factors for atherosclerosis, such as abnormal plasma cholesterol, LDL or HDL cholesterol, triglycerides, lipoprotein(a), insulin resistance, or increased fibrinogen (13) . The reduction of IMT in our patients was unrelated to changes in plasma lipids, but was clearly related to increases in IGF-I levels. Although we could not find a correlation, it is tempting to speculate that functional changes in arteries are also mediated through the effects of IGF-I on endothelial cell function. It has been shown that nitric oxide (NO) generation is reduced in GHD adults and that GH treatment increases endothelial NO production (23) . NO has been identified as a paracrine mediator of vasodilation, inhibition of platelet aggregation and leukocyte adhesion, and inhibition of vascular smooth muscle cell growth (24) . l-Arginine enhances endothelial NO production and attenuates or reverses cholesterolinduced atherogenesis in rabbits, although high serum cholesterol levels remain unchanged (25) (26) (27) (28) . Moreover, in hypercholesterolemic humans, mononuclear cell adhesiveness (29) and platelet aggregation (30) are also normalized by dietary l-arginine. These data strongly support a role for NO, independent of plasma lipids, in the regression of atherosclerosis. Endothelial cell NO generation is increased by IGF-I (31), IGF-I vascular effects are endothelium dependent (32) , and endothelial cells possess IGF-I receptors (33) . Thus, IGF-I is an excellent candidate as a mediator of the antiatherogenic effects of GH via its actions on endothelial cell NO production. The negative correlation observed between IMT and IGF-I supports such a mechanistic explanation. Accordingly, it is important to correlate the effects of GH treatment on IMT and EDD to specific biochemical markers of endothelial cell function in GHD adults.
The role of plasma lipid abnormalities in the pathogenesis of atherosclerosis in GHD adults is still controversial. We could not show any relationship between IMT or EDD changes and plasma lipids either before or during GH treatment and therefore conclude that lipid changes are unlikely to make a major contribution to the reduction of early atherosclerotic changes observed in the first 6 months of GH treatment. Most studies have shown that total cholesterol and LDL cholesterol are increased, and HDL cholesterol decreased in GHD adults compared to those in age-and sexmatched controls (reviewed in Refs. 5 and 8). In our study there was no difference in total and LDL cholesterol between patients and controls, but HDL cholesterol was reduced. However, reports of changes in lipid concentrations during GH treatment are inconsistent, with some showing significant reductions in total cholesterol and LDL cholesterol (34, 35) and others showing no such change (12, 36) . The reports on the effects of GH on HDL cholesterol are also conflicting, showing either no change (34, 35, 37) or a slight increase after long term treatment (12, 36, 38) .
We showed that HDL cholesterol increased significantly as early as 3 months after starting GH treatment, earlier than in previous reports, suggesting an important role of GH in modifying this antiatherogenic lipid. With regard to lipoprotein(a), a more recently described risk factor for atherosclerosis, we could not demonstrate any change consistent with other short term (35) and long term (37) studies.
In conclusion, we have demonstrated an important effect of GH treatment in restoring increased IMT, an early morphological marker of atherogenesis, to normal values in GHD hypopituitary men. As expected, we have also shown an improvement of endothelial function, namely an increase in flow-mediated dilation of the brachial artery, with GH treatment. Morphological changes were IGF-I dependent, but independent of plasma lipids and lipoprotein(a). These effects of GH treatment, if maintained long term, may have a beneficial effect on vascular morbidity and mortality in GHD adults. 
